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ABSTRACT: Polyolefins and chlorine-containing poly-
mers were investigated to produce polymer nanocompos-
ites. Natural and organic-treated montmorillonite clays were
melt compounded with the polymers. Organic-treated
montmorillonite clay dispersed well in polychloroprene,
chlorinated-polyethylene, polyvinyl chloride, chlorinated-
polyvinyl chloride, and polyvinylidenechloride polymers,
and formed nanocomposites. They were not well dispersed
in polyolefins that contain no chlorine. X-ray diffraction and
transmission electron microscopy techniques indicated the

separation of montmorillonite layers and indicated the for-
mation of polymer nanocomposites in chlorine-containing
polymers. Mechanical testing showed enhanced tensile
strength and Young’s modulus of chlorinated-polymers/
clay compounds, but not polyolefins/clay compounds.
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INTRODUCTION

Polymer nanocomposites have become a new promis-
ing area in polymer research. Among the particles
used to form nanocomposites are particular clays in
which the intersilicate layers are swollen. The clays
studied so far are mainly organically modified mont-
morillonites. In situ polymerization with monomers
and melt intercalation with polymers are two major
methods to make polymer nanocomposites.

Intracrystalline swelling of montmorillonite with
water was probably known to the ancients. Since the
discovery of intracrystalline swelling in montmoril-
lonite by polar organic liquids in the 1930s,1,2 there
have been many studies of this phenomenon. Bradley3

studied the interaction between montmorillonite and
various organic liquids. Norrish4 investigated the
swelling of montmorillonite in salt solutions. The cat-
ion exchanging capability of montmorillonite organic
amines and intercalation of organic molecules was
explored.5 It was found that some organic monomers
are adsorbed by sodium montmorillonite.6 The spon-
taneous polymerization of hydroxymethacrylate
monomers in a montmorillonite–monomer mixture
has been reported.7

In the 1980s, the Toyota Research Center refocused
on the swelling behavior of montmorillonite by or-
ganic solvents.8 The Toyota laboratory exchanged cat-

ions of montmorillonite (MMT) with several organic
compounds and swelled the organic-treated MMT
with the organization of polar hydrocarbon monomer,
�-caprolactam. They succeeded in producing interca-
lated polyamide-6 nanocomposite by in situ polymer-
ization.9–13

The orientation of MMT and nylon-6 crystallites14

and mechanical properties15 in nylon-6–clay nano-
composites were investigated. Polyamide-6–clay
nanocomposites at low clay levels had unexpected
higher tensile modulus and strength than pure poly-
amide-6. They licensed this invention to Ube Kosan,
which commercialized Nylon Clay Hybrid (NCH)
based upon polyamide-6.

Scientists around the world have subsequently in-
vestigated producing polymer nanocomposites from
thermoplastics and succeeded with various polymers.
These include polyamide-12 (PA12),16 polycaprolac-
tone (PCL),17 polyethylene terephthalate (PET),18 and
polyvinyl chloride.19,20 These polymers are generally
polar. There have also been efforts at using compati-
bilizing agents with nonpolar polymers to produce
nanocomposites.21–26

In this article, we seek to produce nanocomposites
from polymers with different degrees of chlorination.
Chlorination should increase polarity level. These are
listed in Table I. In terms of increasing levels of chlo-
rine level we consider polyolefins, polyethylene (PE)
and polypropylene (PP), where the chlorine level is
zero, polychloroprene (CR), chlorinated-polyethylene
(C-PE), polyvinyl chloride (PVC), chlorinated-poly-
vinyl chloride (C-PVC), and polyvinylidenechloride
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(PVDC). These were studied with organic-treated
montmorillonite and natural sodium montmorillonite
for comparison.

EXPERIMENTAL

Materials

Two nonpolar thermoplastics, PE and isotactic PP,
were used. The PE and PVDC from Dow Chemical
Co., CR and C-PE from DuPont Dow Elastomers, PVC
from OxyVinyl Company, PP from Equistar Chemi-
cals, C-PVC from Noveon, Inc., were kindly provided.
The characteristics of these polymers and their suppli-
ers are contained in Table I. We include dielectric
constants to represent levels of polarity.

Southern Clay Co., supplied MMT clays (Cloisite™
30B, and Na�). Cloisite™ 30B is an organic-treated
MMT with a ternary ammonium salt. Cloisite™ Na� is
a natural MMT.

In melt compounding of rigid PVC and C-PVC, a tin
thermal stabilizer of Atofina Co. was premixed.

Compounding

Compounding was carried out in a Brabender internal
mixer at 180°C, 100 rpm with the various thermoplas-
tics (PE, PP, CR, C-PE, PVC, C-PVC, PVDC). The
polymers and clay (wt %) were premixed in beaker.
CR, because of the double bond in its backbone, was
mixed at 100°C.

Characterization

A Bruker™ X-ray machine with � (wavelength)
� 1.5422 Å was used. Powder diffraction patterns
were prepared.

Ultrathin sectioning (�100 nm) was performed us-
ing the Reichert Ultracut sectioning system. A trans-
mission electron microscope (ZEOL ZEM-1200EXII)
operated at 120 kV was used for taking images of the
specimens.

Dog-bone-shaped specimens were prepared by
compression molding for tensile testing in an In-
stron™ tensile machine. ASTM D638 method was
used for rigid plastic materials and ASTM D412 for
elastomeric materials. No mechanical testing was
done for CR due to the shrinkage of molded speci-
mens if they were not vulcanized. Vulcanization dur-
ing molding introduces another variable, which we
did not wish to treat at this time.

RESULTS

Clay

Cloisite™ Na� natural MMT was observed to have d
spacing � 11.7 Å at 2� � 7.55° (Fig. 1). The organic-
treated montmorillonite Cloisite™ 30B clay exhibited
peak at 2� � 4.78°, which represents basal spacing
(d spacing) � 18.5 Å.

PE compounds

The X-ray diffraction (XRD) studies of these com-
pounds showed no change in the diffraction pattern of

TABLE I
Characteristics of Polymer Materials

Materials Chlorine content (wt %) Commercial name Dielectric constantc Supplier

PE None 2045 LLDPE 2.3 Dow Chemical
PP None 8000 GK 2.25 Equistar Chemical
CR 40a Neoprene 4.9 DuPont Dow Elast.
C-PE 36b Tyrin 4.3–5.1 DuPont Dow Elast.
PVC 56.7a 334FG 3.4 OxyVinyl
C-PVC 63.5b TempRite 3.1 Noveon
PVDC � 71.5a Saran 4.67 Dow Chemical

a Calculation with molecular structure and atomic weight.
b Material data sheet.
c At 1 kHz, Encyclopedia of Chemical Technology and Polymer Handbook.

Figure 1 XRD of Cloisite™ 30B and Na� montmorillonite
clays.
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the natural MMT clay (Cloisite™ Na�) and organic-
treated MMT (Cloisite™ 30B) clay in the PE polymer
matrix [Fig. 2(a)]. The d-spacing peaks of both clays
were not shifted to lower 2� angles. PE crystallizes
into the Bunn orthorhombic crystal structure and ex-
hibits XRD peaks associated with its crystalline ar-
rangement.

The transmission electron microscopy (TEM) pho-
tomicrographs showed agglomerates of organic-
treated MMT clay (Cloisite™ 30B) in the PE polymer
matrix [Fig. 2(b)]. It suggests that the silicate layers
were not separated by PE polymer chains.

The Young’s modulus of PE/30B compounds was
increased with clay content (Fig. 3). PE/30B(3%) and
PE/30B(5%) had a 3 and 2% increase, respectively.
PE/30B(10%) showed a 8% growth of modulus. The
tensile strength of PE/30B compounds was reduced as
clay content increased (Fig. 4). PE/30B(3%) had a 20%
decreasing tensile strength. PE/30B(5%) and PE/
30B(10%) exhibited a 28 and 40% decline correspond-
ingly. The elongation at break of PE/30B compounds
also showed a decrease (Fig. 5).

PP compounds

Isotactic PP crystallizes into the Natta and Corradini �
monoclinic structure. The natural MMT clay
(Cloisite™ Na�) and organic-treated MMT (Cloisite™
30B) clay in the PP polymer matrix did not show
separation of clay layers from XRD results ([Fig. 2(a)].
The 2� angle of PP/30B and PP/Na� mixtures are
close to the original 2� angle of pure clays.

The TEM photomicrographs of the PP/30B com-
pound also showed agglomerates of organic-treated
MMT clay (Cloisite™ 30B) and suggested no separa-
tion of clay layers.

PP/30B compounds showed a higher modulus than
pure PP (Fig. 3). PP/30B(3%) and PP/30B(5%) had a
15 and 16% increased Young’s modulus. PP/30B(10%)
had a 5% increased modulus. The PP/30B(3%) and
PP/30B(5%) showed a 2% increased and 1% decreased
tensile strength, respectively (Fig. 4). PP/30B(10%)
had a 12% decrease in tensile strength. There were
large reductions in elongation at break of PP/30B
compounds compared to pure PP (Fig. 5).

Figure 3 Young’s modulus of PE/30B and PP/30B com-
pounds.

Figure 4 Tensile strength of PE/30B and PP/30B com-
pounds.

Figure 2 (a) XRD and (b) TEM of PE/30B and PP/30B
compounds.
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CR compounds

There was no shift in the clay XRD peaks of natural
MMT (Cloisite™ Na�) clay layers in the CR polymer.

Figure 6(a) shows the XRD test result of CR/30B
compounds. The clay peaks of CR/30B(3%) and CR/
30B(5%) were shifted to a lower angle at 2� � 2.35 and

2.4°, which corresponds to 37.6 and 36.8 Å. These
lower angle clay peaks represent expansion of basal
spacing of clay layers in CR/30B compounds.

The TEM photomicrograph suggests clay separation
of CR/30B compounds [Fig. 6(b)]. CR polymer chains
intercalated clay particles. The penetration of CR poly-
mer chains into clay layers can be surmised from the
TEM result and XRD analysis.

C-PE compounds

The natural MMT (Cloisite™ Na�) clay layers did not
show changes in d spacing in the C-PE compounds.

The XRD confirmed the separation of clay particles
in C-PE/30B compounds [Fig. 7(a)]. The clay peak of
C-PE/30B(3%) was shifted to a lower angle of 2�
� 2.1°, which is equivalent for d spacing � 42.0 Å in
comparison with the original d spacing (�18.5 Å) of
Cloisite™ 30B clay. C-PE/30B(5%) and C-PE/
30B(10%) also had their silicate layer peaks shifted to
lower angles.

The TEM photomicrograph of C-PE/30B compound
suggests C-PE polymer chains separated the clay lay-
ers of Cloisite™ 30B modified MMT clay [Fig. 7(b)].

Figure 5 Elongation at break of PE/30B and PP/30B com-
pounds.

Figure 6 (a) XRD and (b) TEM of CR/30B compounds.

Figure 7 (a) XRD and (b) TEM of C-PE/30B compounds.
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Tensile tests were again used to determine mechan-
ical behavior of C-PE/30B compounds at room tem-
perature. The Young’s modulus of C-PE/30B com-
pounds increased with clay content (Fig. 8). C-PE/
30B(3%) exhibited an 8% enhanced Young’s modulus
compared to pure C-PE. C-PE/30B(5%) and C-PE/
30B(10%) showed 33 and 50% elevated modulus, re-
spectively. Increasing clay content enhanced tensile
strength of the C-PE/30B compound (Fig. 9). The ten-
sile strength of C-PE/30B(3%) had a 5% increase over
the pure C-PE. C-PE/30B(5%) and C-PE/30B(10%)
also showed 31 and 21% growth in tensile strength.
The elongation at break of C-PE/30B compounds was
slightly decreased (Fig. 10).

PVC compounds

There was no change of the clay wide angle X-ray
diffraction of the natural MMT clay (Cloisite™ Na�) in
the PVC polymer matrix.

The TEM image and XRD, however, indicate some
breakup of the clay platelets of Cloisite™ 30B modi-
fied montmorillonite clay in the PVC polymer matrix.

The clay peak of the organically treated 30B of
PVC/30B compound was shifted from 2� � 4.78–
2.56°, which corresponds to d spacing � 34.5 Å [Fig.
11(a)]. PVC/30B(5%) and PVC/30B(10%) also have

Figure 8 Young’s modulus of chlorinated polymer/30B
compounds.

Figure 9 Tensile strength of chlorinated polymer/30B
compounds.

Figure 10 Elongation at break of chlorinated polymer/30B
compounds.

Figure 11 (a) XRD and (b) TEM of PVC/30B compounds.
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their clay peaks at lower angles. The PVC/30B(3%)
compound showed the largest silicate separation.

The TEM photomicrograph of Figure 11(b) suggests
clay particle breakup at the nanometer scale. The TEM
image of PVC/30B(3%) shows separation of clay lay-
ers. The thickness of separated clay layers in PVC/
30B(3%) is about 10–50 nm by the TEM image scale
(� 100 nm).

The mechanical properties of PVC/30B compounds
were evaluated in a uniaxial mechanical test. The
Young’s modulus of PVC/30B compounds was im-
proved as clay content increased (Fig. 8). PVC/
30B(3%) had a 13% improved Young’s modulus than
pure PVC. PVC/30B(5%) and PVC/30B(10%) had a 24
and 50% higher modulus than pure PVC, respec-
tively. The tensile strength of PVC/30B(3%) and PVC/
30(5%) was improved (Fig. 9). PVC/30B(3%) had 5%
and PVC/30B(5%) had 8% enhanced tensile strength.
PVC/30B(10%) showed 8% less tensile strength than
pure PVC. The elongation at break of PVC/30B com-
pounds decreased with clay content (Fig. 10).

C-PVC compounds

No change in X-ray data was observed in the C-PVC
polymer and natural MMT (Cloisite™ Na�) clay com-
pound.

For the organic-modified clay, Figure 12(a) shows
the XRD result for the C-PVC/30B compounds. The
clay X-ray peaks of C-PVC/30B(3%) have shifted to 2�
� 2.7°, d spacing � 32.7 Å. The original d spacing of
Cloisite™ 30B clay is 18.5 Å. The clay peaks of
C-PVC/30B(5%) and C-PVC/30B(10%) were also
shifted to lower angles.

The TEM image of C-PVC/30B compound shows
clay dispersion [Fig. 12(b)]. It suggests that the C-PVC
polymer takes apart clay layers. The individual thick-
ness of each clay layer can be evaluated to be around
10 nm by the TEM image scale.

The Young’s modulus of C-PVC/30B compounds
was enhanced with increasing clay content (Fig. 8).
C-PVC/30B(3%) showed 15% growth of Young’s
modulus than pure C-PVC. C-PVC/30B(5%) and
C-PVC/30B(10%) had a 18 and 33% raised modulus
correspondingly. There was no noticeable relationship
between tensile strength and clay content of C-PVC/
30B compounds (Fig. 9). The elongation at break of
C-PVC/30B compounds was decreased (Fig. 10).

PVDC compounds

There was no separation of the natural MMT
(Cloisite™ Na�) clay particles in PVDC compounds.
The characteristic of the PVDC/Cloisite™ 30B com-
pounds was determined by XRD and TEM test re-
sults.

PVDC/30B(3%) exhibited a clay peak at lower angle
2� � 2.6°, d spacing � 34 Å [Fig. 13(a)]. The original
Cloisite™ 30B clay had a d spacing � 18.5 Å. The d
spacing of PVDC/30B(5%) and PVDC/30B(10%) was
increased as well.

The clay platelets were fairly well dispersed in
PVDC polymer matrix [Fig. 13(b)]. There were no clay
agglomerates in the TEM image of PVDC/30B com-
pounds. The various thicknesses of individual clay
layers could be estimated as less than 50 nm by the
TEM image scale.

PVDC/30B compounds had an enhanced Young’s
modulus (Fig. 8). PVDC/30B(3%) showed a 6% raised
Young’s modulus than pure PVDC. PVDC/30B(5%)
and PVDC/30B(10%) also had a 20 and 36% improved
modulus. The tensile strength of PVDC/30B com-
pounds decreased (Fig. 9). PVDC/30B(3%) exhibited a
7% tensile strength drop compared to pure PVDC.
PVDC/30B(5%) and PVDC/30B(10%) showed a 12
and 32% decreased tensile strength. The elongation at
break of PVDC/30B compounds decreased with clay
content (Fig. 10).

Figure 12 (a) X-ray diffraction and (b) TEM of C-PVC/30B
compounds.
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DISCUSSION

Nanocomposite structure and mechanism

The MMT clay is a phyllosilicate mineral. Cations such
as Na�, K�, and Ca2�, compensate the negative
charge that exists in each layer due to altered replace-
ment in the crystal lattice of the layer. Water and other
polar molecules can penetrate between the layers and
swell MMT clay. Cloisite™ 30B is an organic-treated
MMT clay with a ternary ammonium salt. It has an
organic functional group between clay layers. It is
more organophilic (i.e., hydrophobic) than natural
montmorillonite clay (Cloisite™ Na�). Our experience
indicates polymer chains penetrate between organic-
treated clay layers more easily.

PE (O[CH2OCH2]nO) and PP (O[CH2O
CHCH3]nO) are important polyolefins. They are non-
polar polymers and the clay environments are hostile
to them. This is true of both the natural and organic-
treated clays.

The chlorinated polymers are also incompatible
with the natural clays. This is not the case with the
organic-treated clays. The polarity of chlorinated poly-
mer chains and organophilicity of the organic-treated

MMT clay allow the formation of chlorinated polymer
nanocomposites.

The results cited here are in agreement with earlier
investigations with PVC19,20 and extend the observa-
tions to a wide range of chlorinated polymers.

Mechanical properties

The Young’s modulus of all chlorinated polymers
with Cloisite™ 30B compounds increased with clay
content but not polyolefins (Fig. 14). The tensile
strength notably of the C-PE is increased (Fig. 15).

These changes in level of mechanical properties are
similar to those reported by other investigations. They
found an increase in Young’s modulus and tensile
strength for PVC.

There seems a maximum effect in chlorine content.
This is at the C-PE and PVC levels of chlorine content.
The enhancement of properties with C-PVC and espe-
cially PVDC seems reduced.

CONCLUSION

The Cloisite™ 30B modified MMT clay was well dis-
persed in CR, C-PE, PVC, C-PVC, and PVDC polymer

Figure 13 (a) XRD and (b) TEM of PVDC/30B compounds.

Figure 14 Reduced Young’s modulus vs chlorine content.

Figure 15 Reduced tensile strength vs chlorine content.
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matrices. There was no intercalation of clay layers in
PE and PP. The polarity of the chlorinated polymers
and organophilic property of modified MMT clays
could be the reason of the formation of nanocompos-
ites. XRD and TEM characterizations proved interca-
lation of clay platelets. Mechanical properties of the
polymer nanocomposites were enhanced in compari-
son with that of pristine polymers.

This research was supported in part by the Edison Poly-
mer Innovation Corporation.
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